Sometimes rock stimulations by fluid injections into geothermal boreholes are able to trigger perceptible or even potentially damaging earthquakes. This does not seem to be the case for hydraulic fracturing of hydrocarbon reservoirs. Reasons for such a difference and factors defining magnitudes of induced earthquakes (triggered tectonicly as well as induced artificially) remain unclear. We analyzed microseismic data obtained by fluid stimulations at different geothermal and hydrocarbon sites. This analysis indicates that a rupture corresponding to a fluid-induced earthquake seems to be only probable along a surface located mainly inside a stimulated rock volume. We approximated the stimulated volume by an ellipsoid, and compared the statistics of induced events with the statistics of randomly distributed thin flat disks modeling rupture surfaces.Wefoundthatoneofthemainfactorslimitingtheprobability to induce a large-magnitude event is the minimum principal axis of a fluid-stimulated rock volume. This geometrical scale can be very different in geothermal and hydrocarbon reservoirs.Itmaycontroltheorderofalargestpossiblemagnitude. We quantified an impact of the geometry of a stimulated volume on the Gutenberg-Richter-type frequency-magnitude distribution of induced earthquakes. Our results show that monitoring the spatial growth of seismicity in real time can help to constrain a risk of inducing damaging earthquakes.
INTRODUCTION
Perturbations in pore fluid pressure can induce aftershocks of earthquakes (Nur and Booker, 1972; Jonsson et al., 2003; Miller et al., 2004) . Earthquake triggering by fluids results from changing the pore pressure and poroelastic stress (McGarr et al, 2002 , Cornet et al., 2007 . Pore pressure perturbations can decrease effective normal stresses and cause a slip along interfaces in rocks at locations where a friction coupling closely approaches tangential stresses. The spatial scale of seismicity induced by fluid injections in boreholes is usually of the order of 10 2 to 10 3 meters. It can be considered as an analog (a model in situ) of large-scale fluid-related tectonic seismic processes, and thus can be of significance for their understanding. Its better understanding is also of importance for mining of deep geothermic energy (Cornet et al., 2007; Majer et al., 2007; Häring et al., 2008; Giardini, 2009) . It is also of significance for CO 2 underground storage and oil and gas production.
Earthquakes of magnitudes three to four occurred at several enhanced geothermal systems (EGS) like those of Basel, Cooper Basin, The Geysers field, and Soultz (Majer et al., 2007; Dyer et al., 2008; Häring et al., 2008; Baisch et al., 2009; Giardini, 2009) . In contrast, such events seem to be rarely possible by hydraulic fracturing of oil and gas reservoirs. To our knowledge, they have not yet been observed under such circumstances (Shapiro et al., 2010) .
Understanding of this difference in the behavior of the induced seismicity would have importance for constraining a hazard of damaging induced earthquakes. Here we show that the geometry of rock volumes stimulated by fluids is a plausible controlling factor for the occurrence of large events. We quantify this influence of the geometry.
In the next section we analyze seismicity induced by fluid stimulations at different geothermal and hydrocarbon reservoirs. The data indicate that the large-magnitude events have different statistical features than small events. Simple observations suggest that the size of a stimulated volume restricts the occurrence probability of strong events. In the following section we propose a theoretical and numerical model to aid in understanding the role of the geometry. Our consideration is based on computing the statistics of arbitrary-size arbitrary-oriented penny-shaped inclusions (representing potential rupture planes) in a finite ellipsoidal stimulated rock volume. We show how the geometry of the stimulated volume influences the frequency-magnitude relation of induced seismicity. We conclude that the minimum principal axis of a fluid-stimulated rock volume seems to be a dominant restricting factor. Further we discuss this result and compare it to observations.
OBSERVATIONS
During an active fluid injection with nondecreasing injection pressure, the following equation (Shapiro et al., 2007 (Shapiro et al., , 2010 Shapiro and Dinske, 2009 ) can be applied to approximately describe the number N M of induced earthquakes with magnitudes larger than M as function of the injection time t: log 10 N M ðtÞ ¼ log 10 QðtÞ − bM þ Σ;
(1)
where QðtÞ is a cumulative volume of the fluid injected until time t, b is the b-value of the Gutenberg-Richter frequency-magnitude distribution law (Turcotte et al., 2007) stating that a probability of a magnitude larger than M is equal to 10 a−bM (the quantity a is defined so that 10 a is a probability of a magnitude larger than zero), and the quantity Σ (seismogenic index [Shapiro et al., 2010] ) is a constant quantifying the seismotectonic activity of the injection site: Σ ¼ a − log 10 ðSC max ∕NÞ, where N is a concentration of potential rupture surfaces (critical cracks and faults), C max is a pore pressure perturbation required to trigger seismic events along the all critical cracks and S is a uniaxial storage coefficient. It is difficult to theoretically calculate Σ because some of these parameters (e.g., N and a) are usually unknown. However, Σ can be estimated using equation 1 and parameters of seismicity induced by an injection experiment at a given location (see Shapiro et al., 2010) . Note that equation 1 assumes a validity of the Gutenberg-Richter law.
Usually, large events have poor statistics (their number is usually less than 10), which is not representative for a single injection experiment. However, one can identify systematic behavior by considering several injection experiments. We observe systematic deviations from equation 1 for large-magnitude events. Their number is significantly smaller than predicted, especially for short injection times.
Let us first consider a geothermal fluid-injection experiment at Basel Dyer et al., 2008; Deichmann et al., 2009) . Figure 1 shows observed, theoretical, and numerical curves of N M ðtÞ. Simultaneously, the curve of the cumulative injected water volume QðtÞ (red curve on the Figure 1b) is also shown. Immediately after the injection termination the curve QðtÞ starts to decrease because of an outflow of the injected water. In a bilogarithmic scale, the theoretical estimate of N M ðtÞ (equation 1) is obtained by a time-independent shifting of the injected fluid volume toward the curve of the cumulative event number (equation 1 is applicable for injection periods only). The numerical curve is obtained in the following way. We solve a diffusion equation for the pore pressure in a homogeneous medium with an effective hydraulic diffusivity representing the Basel reservoir. As a source function we assume a point-like source of a fluid with the injection rate corresponding to the Basel experiment. Then we compare the obtained pore pressure perturbation with randomly distributed critical values of the pore pressure assumed to be necessary for triggering earthquakes at corresponding locations. If the pressure perturbation becomes larger than the critical value at a given location, then we will assume that at this location an earthquake occurs at the corresponding time moment (see Rothert and Shapiro, 2003 for details of such modeling).
In a range of small magnitudes, the theoretical, numerical, and observed curves are in a good agreement. However, the numbers of large-magnitude events are lower than theoretically and numerically predicted ones. This is seen from the fact that curves of N M ðtÞ for large magnitudes are not anymore parallel to such curves for small-magnitude ranges. The large-magnitude curves deviate significantly downward (especially for short times elapsed after injection starts; note that corresponding theoretical curves must be just parallel to the QðtÞ curve in the time period of the injection).
We observe the same tendency at other locations. Figure 2 shows examples of distributions N M ðtÞ at other sites of fluid injections into rocks. In all examples, an approximate agreement of equation 1 with numbers for small-magnitude events can be demonstrated (see Shapiro et al., 2007 Shapiro et al., , 2010 Shapiro and Dinske, 2009) . Indeed, according to equation 1 in a range of not too large magnitudes, lines of log 10 N M ðtÞ are nearly mutually parallel (theoretically, they all should be parallel to the function log 10 QðtÞ), and they are nearly regularly spaced (with an increment given by the product of the 
Time (days) Figure 1 . Number N M of induced earthquakes with magnitudes M larger than M 0 as function of the time t elapsed from the injection start at the Basel borehole . (a) N M ðtÞ observed during the injection period. (b) Cumulative injected water volume QðtÞ (red curve) and N M ðtÞ observed and numerically simulated (blue curve) during the injection period and a short time interval after the injection termination. Here the quantities QðtÞ and N M ðtÞ for M ¼ 0.5 (approximately a completeness magnitude) are normalized to their values at the moment of the maximum injection pressure (several hours before the injection termination). Immediately after the injection termination the curve QðtÞ starts to decrease because of an outflow of the injected water.
b-value with the increment of the magnitude). However, the number of large events is systematically smaller than a regular spacing of the lines log 10 N M ðtÞ would imply.
These observations reveal the following contradiction. Largemagnitude events correspond to large-scale ruptures (i.e., large-scale fractures or faults). They are less common than small-magnitude events (i.e., small-scale ruptures). The statistics of potential rupture surfaces in rocks correspond to a classical Gutenberg-Richter distribution of earthquakes produced on them (e.g., Turcotte et al., 2007 , see also our consideration in the next section). Potential rupture surfaces can intersect injection-stimulated volumes of rocks. Any point of a stimulated volume can belong to such an intersection. One could think that large-magnitude events should not be less frequent in respect to the small-magnitude events than large-scale potential rupture surfaces are in respect to small-rupture surfaces. Moreover, for a given rupture surface, a probability to intersect a stimulated volume of rocks will be higher if the rupture surface's scale is larger. Thus, one could think that in the induced seismicity large-magnitude events should be even more frequent in respect to the small-magnitude events than the potential large-scale rupture surfaces are in respect to small-rupture surfaces. Consequently, this line of reasoning suggests that large-magnitude events should be even overrepresented in comparison to the Gutenberg-Richter statistics for the smallmagnitude events. However, in contrary, we observe an underrepresentation of large-magnitude events.
We propose the following explanation. Large-scale events would be overrepresented if hydraulic stimulations of small (point-like) parts of fault surfaces were sufficient to induce these events. The fact that they are underrepresented suggests that, to induce an earthquake on a fault patch, a significant part of this patch must be stimulated. This is in agreement with the Coulomb failure criterion. To enable an earthquake along a given interface, a surfaceintegrated tangential stress must overcome a total friction force. As soon as a significant part of a potential rupture surface remains unperturbed, the probability of an earthquake remains low. Therefore, to enable an earthquake, the corresponding rupture surface should nearly completely belong to a stimulated volume.
THEORY
How does the geometry control the occurrence of large earthquakes? In practice we assume that the stimulated volume is approximately defined by a cloud of induced seismicity (see Figure 3) . We consider the following simplified abstract model (see Figure 4) . A stimulated volume is an ellipsoid, which can grow with time due to a fluid injection. Rupture surfaces are randomly oriented planar circular disks (penny-shaped inclusions with vanishing thickness). The spatial distribution of centers of the disks is random and statistically homogeneous. Events will be assumed possible if their rupture surfaces (i.e., the disks) occur completely within the stimulated volume. Clearly, these assumptions simplify the reality significantly. However, they will help us to investigate how the finiteness of a stimulated volume influences the magnitude statistics of induced seismicity. Impacts of different deviations of our model from the reality will require additional studies. For example, influences of such factors like nonellipsoidal shapes of stimulated volumes, inhomogeneous distributions of potential rupture surfaces in space, their inhomogeneous orientations, and deviations of their shapes from circular disks can be of significance. They can be numerically studied along the line of the numerical modeling we propose below. Another fact that some events will occur even if small parts of their rupture surfaces are outside of the stimulated volume can also be investigated numerically. To some extent, such potential rupture surfaces can be accounted for by a slight upscaling of a stimulated volume size, which would include such rupture surfaces into the stimulated volume. In reality, the bounds of stimulated volumes are not sharply defined. Some upscaling of the stimulated volume is always possible in the frame of this unsharpness. Figure 2 . Examples of N M ðtÞ at different sites of fluid injections into rocks. All curves correspond to the injection periods only (often the seismic activity after an injection termination is not recorded sufficiently long due to technological and productionrelated limitations).
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Statistics of potential rupture surfaces
We investigate the probability W vol ðXÞ that a disk of a diameter X is completely contained within a given stimulated volume.
We have found an exact expression of the function W vol ðXÞ for a spherical stimulated volume (see the Appendix). For this, we consider a disk of a diameter X of an arbitrary orientation with a center at a given point P inside of a given stimulated volume. Then we consider a sphere defined by normals of the length X∕2 (the sphere's radius) at the point P for all possible orientations of the disk. We calculate then a part of the surface of this sphere (in relation to its complete surface), where a normal can have its end-point under the condition that a corresponding disk still belongs to the stimulated volume. Integration of such parts of the spheres surfaces (defined by allowed positions of end points of disk normals) over all points of the stimulated volume (following by a normalizing to the complete volume) provides us with W vol ðXÞ. For the case of a spherical stimulated volume of the diameter d (note that in this case the probability W vol can be expressed as a function of x ¼ X∕d < 1)
This function (the subscript "sp" indicates a spherical stimulated volume) has a satisfactory approximation of a simple form: W sp1 ðxÞ ¼ ð1 − xÞ 2 ð1 − x∕2Þ. Note that W sp ðxÞ and W sp1 ðxÞ are both quickly decreasing with increasing x (see Figure 5 ).
We have numerically computed W vol ðXÞ for ellipsoidal volumes with principal axes L min < L int < L max . For this, we approximate a disk by a regular polygon with 16 sides (a hexadecagon). The centers of the polygons are distributed in a given stimulated volume with a given bulk concentration. These polygons have random orientations. For a given X we compute the number of polygons with all vertices located within the stimulated volume (they approximate the disks located completely within the volume). Then, we normalize the result by the number of all centers. This gives an approximation of W vol ðXÞ. The approximation can be improved by increasing number of vertexes of the polygons. We found that hexadecagons provide reasonable results (see Figure 5) .
Summarizing, the probability W vol ðXÞ decreases quickly with increasing X (see Figure 5 ). This is also the case for very small XðX ≪ L min Þ. Therefore, a scale of a stimulated volume should have a significant influence on the statistics of activated rupture surfaces of nearly all sizes. There exists a scale Y such that for X > Y the probability W vol ðXÞ becomes vanishingly small. The scale Y is a function of principal axes of a stimulated volume. Precisely, Y ¼ L int . However, a probability of such a rupture is exactly zero (because it must strictly belong to the plane of the largest ellipsoidal cross section). Numerical simulations show that
often provides a good estimate of Y. We found also that functions W sp ðX∕γÞ and W sp1 ðX∕γÞ often provide acceptable approximations for W vol ðXÞ (see Figure 5 ). For X > γ we observe W vol ðXÞ ≪ 0.1. If L min is sufficiently small, then corresponding to equation 3, it will provide a dominant contribution to γ. A probability-density to find a given-size potential rupture surface contained completely within the stimulated volume is a product of the probability density FðXÞ of such a surface at the injection site with the probability W vol ðXÞ. Large rupture surfaces are significantly rarer than small ones. Thus, the function FðXÞ is strongly decreasing with X. Thus, the product FðXÞ · W vol ðXÞ will be an even more strongly decreasing function. A spatial scale of a rupture surface controls a magnitude of the corresponding earthquake. Thus, the function W vol ðXÞ affects a magnitude distribution of induced earthquakes. To investigate this influence numerically we assume a power-law size distribution of potential rupture surfaces in an unlimited medium. Power-law size distributions are typical for natural fractal-like sets (Scholz, 1990) . Such a type of self-similarity seems also to be a reason of the Gutenberg-Richter frequencymagnitude distribution of earthquakes (Shearer, 1999; Kanamori and Brodsky, 2004; Turcotte et al., 2007) .
Magnitude-length scaling and frequency-magnitude distributions
A relationship between a rupture size X and an earthquake magnitude M can be found using a standard relationship for seismic moment magnitudes (Lay and Wallace, 1995; Shearer, 1999; Kanamori and Brodsky, 2004) . A seismic moment is given by a product of a rocks rigidity G of a slip displacement D and of an involved rupture surface area S. The moment magnitude is given by (Lay and Wallace, 1995; Shearer, 1999; Kanamori and Brodsky, 2004) M ¼ ½log 10 ðGDSÞ∕1.5 − 6.07
for a seismic moments measured in Nm. The last part of the equation is derivedin the following way. We accept the conventional assumption that the slip displacement D scales as a characteristic length X of the slipping surface (see also equation 9.26 and Table 9 .1 from Lay and Wallace, 1995), and we substitute ðlog 10 X 3 Þ∕1.5 ¼ log 10 X 2 . The quantity Δσ is usually defined as a static stress drop, and C is a geometric constant of the order of one.
A probability density RðMÞ of events with magnitude M at a given location can be usually well approximated by a Gutenberg-Richtertype relation: RðMÞ ¼ 10 a d −bM , where a d is the Gutenberg-Richter a-value for the magnitude probability density and b is the b-value (the same one for probability density, as well as for the cumulative probability and for an event number). Theoretically, the influence of a finite size of a stimulated volume is taken into account by the product RðMÞ · W vol ðA · 10 M∕2 Þ, where the magnitude-length scaling given above was used (A is a proportionality constant). An integration of this product gives a cumulative probability W M of magnitudes larger than M. Due to the vanishing probability W vol for X larger than Y, there exists a limit for a largest possible magnitude of an induced earthquake, M Y .
For a numerical modeling of frequencymagnitude distributions in stimulated volumes growing with time (see Figure 6 ) we used the same magnitude-length scaling (i.e., M ∼ 2 · log 10 X, see equation 4) to calculate magnitudes from diameters of the disks. We used a powerlaw probability-density function FðXÞ ¼ X −q for disks of diameter X in an unlimited medium. The corresponding b-value of the resulting frequency-magnitude distribution in an unlimited medium is b ¼ ðq − 1Þ∕2. Then, as described above, we numerically computed numbers of disks completely belonging to stimulated volumes. Figure 6a shows results of such a modeling with q ¼ 3.5. This value of q corresponds to b ¼ 1.25 and seems Num.
Num.
Anal.
Anal. . The deviation of real data and fitted curves in the range of small magnitudes is due to catalog incompleteness (i.e., below the completeness magnitude only a small or even vanishing part of events was recorded) to be roughly adequate for the Soultz data set addressed below (see also Figure 6b ). Here, curves of N M are shown as functions of a stimulated volume. The principal axes of the volume were taken in a proportion approximately equal to the one at the injection site at Soultz in 1993 (approximately, 10∶33∶43). Because the volumetric concentration of centers of potential rupture surfaces was constant, an increasing stimulated volume can be taken as a proxy of the time elapsed after the start of an constant-rate fluid injection. Numerical results show features similar to the behavior of real magnitudes (compare Figures 6a and 2 ). The modeling shows that large events are systematically underrepresented in comparison with what the Gutenberg-Richter distribution would imply (i.e., a regularspaced extrapolation from the curves describing the behavior of small-magnitude event numbers). A semianalytical approximation of frequency-magnitude distribution is obtained by a numerical integration of the product RðMÞ · W sp ð10 M∕2−M Y ∕2 Þ from a given magnitude M until the magnitude M Y . RðMÞ is a Gutenberg-Richter probability density of magnitudes in an unlimited medium. We fit the integration results to observed magnitude distributions. This provides estimates of M Y and of the Gutenberg-Richter parameters a and b. Figure 6b shows frequencymagnitude distribution for the seismicity induced by the Soultz 1993 injection. Shown are the real data, a fitted straight line corresponding to the standard Gutenberg-Richter relation (fitting parameters, a GR , b GR and the observed maximum magnitude M max ) and a semianalytical approximation taking into account the finiteness of the stimulated volume (fitting parameters, a new , b new and M γ , an estimate of M Y . Note that the fitting parameters a GR and a new characterize here not a probability but rather an event number).
Using in the integration above instead of W sp its approximation W sp1 we obtain a simple expression
where ΔðM; M Y ; bÞ ¼ log 10 Σ i¼0 : : :
It shows clearly that if M is significantly smaller than M Y , this distribution will be indistinguishable from the classical one of Gutenberg-Richter (because then in the sum above only the term with i ¼ 0 is of significance). By approaching to M Y the magnitude distribution will quickly drop down.
DISCUSSION

Discussion of the results
Several forms of a truncated Gutenberg-Richter relation are used in a standard earthquake hazard analysis (see, e.g., Utsu, 2002) . Such relations heuristically assume a maximum possible magnitude as a fitting parameter in the frequency-magnitude distribution. Our results above help to quantify factors controlling such a parameter. Our analysis shows that the modification of a frequency-magnitude distribution caused by a finiteness of a stimulated rock volume has a form of a gradual increase of the b-value in the range of large magnitudes. Due to vanishing of the probability W vol for X larger than a scale Y, there exists a limit for a largest possible magnitude of an induced earthquake M Y .
One can relate M Y to the quantity Y by the standard magnituderupture length scaling used above M Y ¼ log 10 Y 2 þ ðlog 10 Δσ − log 10 CÞ∕1.5 − 6.07: (6) Our numerical simulations of W vol show that the size of the stimulated volume defines the scale Y. In comparison to other geometric parameters, the length L min frequently gives a dominant contribution into Y (see the quantity γ given by equation 3). In reality, the following two factors enhance further the dominance of L min .
First, a perturbation of an effective stress cannot be restricted to a given surface only. Such a perturbation, if reached on a surface, must also occur in a finite volume surrounding this surface (because of the stress continuity in an elastic homogeneous or heterogeneous medium). In an extreme case, if such a volume were spherical, the probability W vol ðXÞ would be equal to a product ð1 − X∕L min Þ · ð1 − X∕L int Þ · ð1 − X∕L max Þ and the maximum rupture size Y would be strictly equal to L min . In reality (a nonspherical perturbed vicinity of the rupture surface) a maximum rupture size will be between L min and L int and more probably, close to L min .
Another factor increasing the dominance of L min is a probable anisotropy of orientations of rupture surfaces. Let us assume that such surfaces tend to be inclined by an angle ϕ (defined by the friction coefficient) to a plane of the maximum and intermediate tectonic stresses. Usually this angle is close to 30°. Thus, the rupture surfaces have a larger angle to the minimum stress axis. To simplify the consideration we assume that all potential rupture surfaces have this inclination. Further, we will approximate the stimulated volume by a rectangle parallelepiped with sides L min , L int , and L max , rather than by an ellipsoid. Then the maximum rupture length should be smaller than L min ∕ sinðϕÞ, if ϕ is not too small, i.e., if tanðϕÞ > L min ∕L max . Note that L min ∕ sinðϕÞ is a quantity proportional to L min . Thus, in such a case, the minimum axis (which is parallel to the minimum stress) will limit the event size. In a contrary case (tanðϕÞ < L min ∕L max ), the maximum rupture length should be smaller than L int . For example, if ϕ ¼ 0 all potential rupture surfaces will belong to the same plane. Such a geometry is less relevant for seismicity induced by fluid stimulations of rocks. However, it is more adequate for aftershocks of earthquakes in subduction zones. (Phillips et al., 1997) Our conclusion on a dominant role of L min in the parameter Y is supported by real data. Let us consider largest observed magnitudes M max of induced earthquakes for different case studies. We assume M max to be a proxy of M Y . Figure 7 shows the values of M max as functions of ðL min Þ 2 , ðL int Þ 2 and ðL max Þ 2 for all data sets we have in our disposal and several case studies which detailed descriptions we found in the literature. We approximate the stimulated rock volumes by the corresponding clouds of induced seismicity.
The error bars show possible impact of errors in magnitudes and event locations. For magnitudes we assumed the error of the order of 0.5 (this roughly corresponds to possible differences between local and moment magnitudes taken from different literature sources). For the principal axes we assumed the error bars of the order of seismicity location errors: 10 m for hydraulic fracturing sites Barnet Shale (Maxwell et al., 2009 ) and Cotton Valley (Rutledge and Phillips, 2003) , 50 m for geothermic sites Basel , Soultz, Cooper Basin (Baisch et al., 2009 ), Fenton Hill (Phillips et al., 1997) , Berlin (Bommer et al., 2006) , and 100 m for the Paradox Valley (Ake et al., 2005) . The red star corresponds to the largest event of the Basel injection. The blue crosses correspond to data we have evaluated ourselves. In addition (red crosses), we included information that we evaluated using literature sources (Phillips et al., 1997; Bommer et al., 2006; Baisch et al., 2009 ).
We observe a good agreement of the data points with equation 6 for Y ¼ L min . The corresponding value of Δσ are of the order of 0.0001-1 MPa. Substituting a highest probable limit of stress drops of the order of 10 MPa into equation 6, we obtain a rough estimate of the maximum probable magnitude limit of an induced earthquake for a given location maxfM max g ∼ 2 · log 10 L min − 1:
This result explains the fact that high-magnitude events are more probable at geothermal sites than by hydraulic fracturing in hydrocarbon reservoirs. In the latter case, L min is much smaller than in the former one. By hydraulic fracturing, a typical zone of water penetration behind the fracture walls is of the order of 1-10 m (due to localization errors microseismic clouds of hydraulic fractures can have greater L min ; examples of a high-precision localization of hydraulic-fracture induced microseismicity can be found, e.g., in Rutledge and Phillips, 2003) . Thus, the largest magnitudes are 0-1. By geothermal stimulations, L min is of the order of 300 m or less. Then, the largest magnitudes there are around four. Because L min can increase with time, it leads to an enhancement of the large-magnitude probability at the end of injection operations or shortly after it (until the rate of induced seismicity has not yet dropped significantly), which is indeed observed in reality (Majer et al., 2007; Baisch et al., 2009) .
Our model and results are based on a hypothesis that a rupture corresponding to a fluidinduced earthquake is only probable along a surface located mainly inside a stimulated volume. We derive this hypothesis from the observational fact (i.e., the hypothesis and the derived formalism are empiric) of underrepresentation of large-magnitude events especially in the range of short injection times. As it was mentioned above, this hypothesis has a simple physical justification based on a balance of the friction and the tangential traction acting along a potential rupture surface. This hypothesis does not contradict the following observations. Sometimes it has been reported that in EGS induced large-magnitude events tend to occur on the edges of the stimulated volume (Majer et al., 2007) . Our hypothesis does not exclude a possibility of large-size rupture surfaces close to the surface of the stimulated volume. Probable is a rupture surface that spans from an internal region to a vicinity of the surface of the stimulated volume. Such a rupture surface would be sufficiently perturbed at the moment that the pressure perturbation reaches its farthest from the injection source edge. This domain would correspond to a hypocenter of the corresponding induced event. The rupture would then propagate backward to the injection source. Note, however, that there are also publications reporting a broad spatial distribution of largemagnitude events in microseismic clouds (i.e., an absence of the above-mentioned tendency; see, e.g., Asanuma et al., 2005 and Mukuhira et al., 2008) .
Other factors influencing the magnitude of induced seismicity
In our consideration, we concentrated mainly on the role of geometric parameters in magnitude statistics of induced seismicity. Other factors, like the injected fluid volume and the local seismotectonic activity (depending on the tectonic stress state), are also of importance. An attempt to quantify such influences is represented by our equation 1 where the role of the cumulative injected volume is seen explicitly and the seismotectonic activity is quantified by the seismogenic index Σ. This index increases with the increasing bulk concentration of potential rupture surfaces. It increases also with decreasing stress (pressure) perturbations required to produce earthquakes on these surfaces and with increasing probability of magnitudes larger than zero. Shapiro et al. (2010 Shapiro et al. ( , 2011 The blue crosses correspond to data we have in our disposal and evaluated ourselves. The red crosses correspond to case studies that we were able to evaluate using literature sources. Magnitudes, minimum principal axis and corresponding injection sites are given in Table 1 . Our model considers the quantities Σ and M Y as independent. This is a possible restriction of the model. We cannot exclude that in reality these quantities may be correlated. For example, an enhanced permeability along a critically stressed fault system (i.e., an elevated Σ) could lead to an increased size of a stimulated volume along its all principal axes. This would lead to a positive correlation between Σ and M Y .
Another important factor implicitly influencing equation 8 is the static stress drop Δσ. Recent studies of fluid-induced seismicity indicate that the stress drop can be broadly distributed (e.g., three orders of magnitude variations at a single injection location were shown in results of Goertz-Allmann et al., 2011) . The stress drop is positively correlated with M Y . An elevated level of the stress drop will be also positively correlated with the seismogenic index. The order of a maximum expected stress drop will also influence our equation 7. A possibility of a stress drop of the order of 100 MPa, as well as a geologicly or tectonicly-caused enhanced probability of a rupture along L max or L int directions (e.g., a part of a stimulated volume can be just aseismic in an initial time interval) can significantly restrict its validity domain.
The discussion of the factors above shows that our results further extend a possibility to quantify the magnitude distribution of fluidinduced seismicity. Their application to its hazard requires a further careful statistical analysis of these factors under given geological and seismo-tectonic conditions.
CONCLUSIONS
Fluid injections into boreholes are able to induce potentially damaging earthquakes. With this paper, we contribute to the understanding of factors controlling occurrence of large-magnitude earthquakes in such situations. We infer that finiteness of a fluidstimulated volume strongly influence the statistics of potential rupture surfaces of induced earthquakes. We provide analytical and numerical results describing this statistics. We show that one of the main factors limiting the probability of large-magnitude events is the minimum principal axis of the fluid-stimulated rock volume. This geometrical scale seems to control the order of a largest possible magnitude. We provide a corresponding relationship (equation 6 with Y ¼ L min ) and show that it is in agreement with real observations. We analyze an impact of the stimulated volume geometry on the frequency-magnitude distribution of induced seismicity, where both a-and b-values of the Gutenberg-Richter distribution are influenced. Our observations and numerical simulations show that large-magnitude earthquakes are systematically underrepresented in comparison with the theoretical expectations derived from frequency-magnitude distributions of the GutenbergRichter type. This suggests that a rupture is only probable in cases where sufficiently perturbed effective stress conditions occur over most of the rupture surface (this conclusion is maybe relevant for large-scale tectonic earthquakes also), i.e., a surface located mainly inside a stimulated rock volume. Therefore, monitoring of the spatial growth of seismicity in real time can help to reduce a risk of damaging events during rock stimulations. For example, to mitigate the hazard one could attempt to keep the minimal principal axis of the stimulated volume restricted by terminating the injection if this size achieves a planned critical value. Other geometrical sizes and seismo-tectonic parameters (e.g., the seismogenic index and the b-value) are also of importance for this task. Numerical simulations like we proposed here, may be helpful for finding critical parameters for such a controlled rock stimulation.
We hypothesize that the above relations between geometric parameters of stimulated rock volumes and the magnitude distributions of induced earthquakes are valid for tectonicly and artificially induced seismicity in general. Our results are of significance for further developments of geothermal-energy exploration. They are also of significance for other applications like CO 2 underground storage and hydraulic fracturing of shale-gas deposits.
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APPENDIX A PROBABILITY OF AN ARBITRARILY ORIENTED DISK BELONGING TO A SPHERICAL VOLUME
Here we derive equation 2. We consider a spherical stimulated volume of a radius R ¼ d∕2 with a center at a point O. We take a disk with a radius r ¼ X∕2 and a center at a point P inside of the stimulated volume. If the distance y ¼ jOPj is less than R − r, then the volume will include the disk independently of its orientation. Thus, the volume V 1 ¼ 4πðR − rÞ 3 ∕3 will contribute to a possible location of P completely. Let us consider the spherical shell with the inner radius equal to R − r and the outer radius R. If P is located inside of this shell then the disk cannot be arbitraryoriented. An orientation of the disk is given by the orientation of a normal to its plane at the point P. Let us then consider a sphere S1 of radius r with the center at P. This sphere intersects the surface of the stimulated volume along a circle. We further consider a plane including the straight line OP. Such a plane intersects this circle in two points, A1 and A2, located symmetrically to the line OP. An angle α between the line PA1 (or PA2) and a normal to the line OP crossing this line in the point P and belonging to the same plane (given by points O, P, A1, and A2) is given by the following relation: sin α ¼ ðR 2 − r 2 Þ∕ð2yrÞ − y∕ð2rÞ. To belong to the volume a disk must have a normal located inside of a cone with the symmetry axes coinciding with the line OP and with the limiting angle equal α.
The sphere S1 and this cone define a spherical segment of the height h ¼ rð1 − cos αÞ and the surface 2πrh. A probability of a disk to have an orientation necessary for belonging to the stimulated volume is equal to the ratio of this surface to the surface of the half of the sphere S1, i.e., h∕r. This probability W 1 is a function of the variable y. The looked-for probability is given by a sum of the contribution of the volume V 1 and of the integral of the probability W 1 over the spherical shell introduced above: 
